Human-induced fragmentation affects forest continuity, i.e. availability of a suitable habitat for the target 21 species over a time period. The dependence of wood-inhabiting fungi on landscape level continuity has been 22 well demonstrated, but the importance of local continuity has remained controversial. In this study, we 23 explored the effects of local forest continuity (microhabitat and stand level) on the diversity of wood-24 inhabiting fungi on standing dead trunks of Scots pine (Pinus sylvestris L.). We studied species richness and 25 community composition of decomposers and Micarea lichens on 70 trunks in 14 forests in central Finland 26 that differed in their state of continuity. We used dendrochronological methods to assess the detailed history 27 of each study trunk, i.e. the microhabitat continuity. The stand continuity was estimated as dead wood 28 diversity and past management intensity (number of stumps). We recorded 107 species (91 decomposers, 16 29 Micarea lichens), with a total of 510 occurrences. Using generalized linear mixed models, we found that 30 none of the variables explained decomposer species richness, but that Micarea species richness was 31 positively dependent on the time since tree death. Dead wood diversity was the most important variable 32 determining the composition of decomposer communities. For Micarea lichens, the community composition 33 was best explained by the combined effect of years from death, site and dead wood diversity. However, these 34 effects were rather tentative. The results are in line with those of previous studies suggesting the restricted 35 significance of local forest continuity for wood-inhabiting fungi. However, standing dead pines that have 36 been available continuously over long periods seem to be important for species-rich communities of Micarea 37 lichens. Rare specialists (e.g. on veteran trees) may be more sensitive to local continuity, and should be at the 38 center of future research. 39 40
INTRODUCTION 43
Intensive forestry activities have led to severe forest fragmentation throughout the globe (Riitters et 44 al., 2000) . The spatial aspects of fragmentation, such as decreased habitat amount, size, and 45 connectivity are well known for a negative effect on biodiversity and ecosystems (Bengtsson et al., 46 2000; Fahrig, 2003) . Temporal aspects of fragmentation, such as decreased habitat continuity, have 47 been studied less than the spatial aspects, but have similarly been shown to have negative impacts 48 on biodiversity (Nordén et al., 2014) . variety of specialists may also be the emergence of special microhabitat types confined to late 57 successional phases or larger diversity of different microhabitats. This is due to the absence of 58 large-scale disturbances, which promotes the time-demanding development of these resources 59 (Tibell, 1992; Sverdrup-Thygeson, 2001; Winter and Möller, 2008) . Landscape level continuity, on 60 et al., 2006; Ranius et al., 2008; Sverdrup-Thygeson and Lindenmayer, 2003) . Apparently, the 68 biological reason for this dependence is that some species of wood-inhabiting fungi are in fact 69 dispersal limited (e.g. Norros et al., 2012), although species dependent on ephemeral habitats have a 70 high dispersal ability in general (Herben et al., 1991) . 71
The role of local continuity has remained less clear, compared to landscape level continuity. 72 Stokland and Kauserud (2004) does not have a significant effect on the diversity of fungi. Nevertheless, this generalization may be 84 misleading; fungi encompass species with divergent ecological characteristics, with many of the 85 species being habitat specialists, requiring dead wood in advanced stages of decay (Nordén et al., 86 In this study, we explored the effects of local forest continuity (microhabitat and stand level) In the analyses, we used species level identifications. We also included genus level 140 identifications that were different from the identified species of the same genus. We have 141 thoroughly aimed at a similar taxonomic resolution throughout the data. In the case of 142 taxonomically very poorly known groups of Chaenothecopsis and Mycocalium, several undescribed 143 species were separated based on spore size, type and some other anatomical and chemical 144 characters, and considered as distinct species. Also, some pyrenomycetes remained unidentified, but 145 when it was possible to separate them from the rest of the detected species, they were considered as 146 species in the analyses. 147 148
Study trunk specific measures 149
Several variables were recorded for each study trunk in the field. These included coordinates, 150 circumference at breast height (cm), height (m), decay stage (1-5), the proportion of surface not 151 covered by bark (%) and the coverage of lichens (%). The circumference at breast height was 152 converted to diameter, and it was used as an estimate of survey effort.
We also estimated the canopy openness around the trunks. Four fisheye photos were taken 154 towards principal compass points while standing back against the trunk. The proportion of visible 155 sky was calculated from each photo, using ImageJ (version 1.45s; Schneider et al., 2012) . The final 156 estimate for canopy openness was the mean of these four, trunk specific values. 157 158 2.2.3. Age and time since death of study trunks 159
We assigned each study trunk age and time since death, using dendrochronological methods. From 160 each trunk, we extracted a cross-sectional sample disc, or a partial disc. When possible, the samples 161 were extracted from the part of the trunk where bark was still present, to ensure we had the last 162 growth ring. When bark or bark remnants were no longer present, we extracted the sample from 163 where we subjectively estimated minimum ring erosion. In addition to the study trunks, we further 164 extracted increment cores from five live trees within the vicinity of the study trunks at each site, for 165 building a master chronology. In the laboratory, the samples were first dried, increment cores 166 mounted to core mounts, and frail sample discs reinforced following Krusic and Hornbeck (1989; 167 but in normal air pressure). Samples were sanded to make annual rings and ring borders clear and 168 easily observable. 169 Tree rings were dated, using visual cross-dating (Yamaguchi, 1991) , against the site-specific 170 marker rings obtained from the live trees. The widths of the tree-rings in all samples were measured 171 using WinDENDRO (Regent Instruments Inc., 2015), and the visual cross-dating results were 172 statistically confirmed, using the COFECHA-software (Holmes, 1983). If the pith of the tree was 173 missing (necessary for estimating the year of recruitment), we estimated the number of missing 174 rings, using a pith locator (Speer, 2010) . 175
The tree age at death (AAD) was calculated as the difference between the calendar year of the 176 last ring, and the pith year. The years from death (YFD) was calculated as the difference between 177
the sampling year (2015) and the cross-dated year of the last ring. In general, only trunks for which both variables could be calculated were included in the analyses, but to increase the sample size, we 179 subjectively estimated these variables for six of the trees where the presence of bark could not be 180 ascertained but only a small number of rings were missing. Age at death and years from death for 181 each trunk are presented in We collected a dead wood data to estimate the local dead wood continuity in the vicinity of each 186 study trunk. Pieces of dead pine were recorded from four 10 m x 50 m transects, located in principal 187 compass points around each study trunk. Transects to north and south begun at the trunk, and to 188 west and east five meters from the trunk. If more than 10 meters of a transect was unfeasible to 189 locate due to the position of the trunk, two transects were established to the opposite principal We included all pieces of dead pine with a diameter of the wider end exceeding 10 cm, and 194 fallen and standing dead wood with length or height ≥ 1 m. A piece of fallen dead wood was 195 recorded only if its base was located inside the transect. The pieces were classified into categories 196 of fallen and standing dead wood (including stumps formed by natural tree fall) and cut stumps. If 197 the identification of tree species was uncertain due to the advanced decay stage, the piece was 198 ignored. 199
For each piece of dead wood, the maximum diameter was measured. Volumes were calculated for each recorded piece of fallen and standing dead wood, using the 206 formula for truncated cone volume. We used the sum of volumes of standing and fallen dead wood 207 in the four transects (total transect area was 1 ha) as the total dead wood volume (m 3 ha -1 ) on the 208 site. The volumes of study trunks were added up to this estimate, calculated using the formula of 209 right circular cone volume. 210
The stand continuity was described as diversity index for dead wood, calculated at the site 211 level (Stokland, 2001) . For the calculations, we constructed different dead wood types from the 212 combinations of three variables: dead wood category (fallen/standing), canopy position (understory: 213 ø < 30 cm; canopy: ø ≥ 30 cm), and decay stage (1-5). Altogether, there were 20 different dead 214 wood types. The index used was Shannon's diversity index (H) (Shannon and Weaver, 1949) :
where pi is the number of dead wood pieces in a certain dead wood type i (n) divided by the total 217 amount of dead wood pieces (N), and s is the number of different dead wood types. 218
We used the number of cut stumps per hectare within a site as a measure of forest 219 management intensity, calculated as the sum of stumps recorded from all the transects (sampled 220 area was 1 ha). 221 222
Statistical methods 223
All analyses were conducted at trunk level separately for decomposers and Micarea lichens, and 224 they were performed using R (version 3.3.2; R Core Team, 2016). Dead wood diversity and 225 management intensity were the explanatory variables representing stand continuity, and age at death 226 and years from death represented microhabitat continuity. Dead wood diversity was chosen instead 227 of the dead wood amount as it presumably describes continuity better. Also, diameter and canopy openness were used to account for variation in survey effort and microclimate (Pouska et al., 229 2016b), respectively. Every explanatory variable was standardized to mean 0 ± 1 SE. Trunks with 230 missing values in any of the measured variables were omitted from the analyses. 231
Before the analyses, correlations between explanatory variables were inspected. Tree diameter 232 and age at death correlated strongly (Table A .2 in Appendix A). Age at death was thought to be a 233 more meaningful descriptor of microhabitat continuity of the trunks than diameter, and therefore it 234 was chosen for the analyses of species richness. We used Bioenv-analysis to study the effects of environmental variables on the community 244 composition (function "bioenv" from the package "vegan" by Oksanen et al., 2017) . First, we 245 calculated binary Bray-Curtis dissimilarities for the pairs of communities from the presence-246 absence transformed species data. All species with only one occurrence and trunks with only one 247 occurring species were excluded from the analyses. In the community data for decomposers, there 248 were 36 species and 48 trunks, and for Micarea lichens, 12 species and 33 trunks. We performed 249
Nonmetric Multidimensional Scaling (NMDS) with binary Bray-Curtis dissimilarities (function 253 "metaMDS" from "vegan"). Finally, we chose the best two-dimensional solutions. 254
We also performed analyses on the responses of 14 individual species, namely those with 255 high enough number of observations for reliable analyses. The methods considering these analyses, 256 as well as their results are presented in Appendix B. 257 258 3. RESULTS 259
Species richness of wood-inhabiting fungi 260
Altogether, 107 fungal species were identified with a total of 510 occurrences (Table A. 
in 261
Appendix A). Out of these, 91 were decomposers and 16 Micarea lichens (the total number of 262 detected species is somewhat higher than the number included in the analyses because we had to 263 omit the communities for which some environmental variables could not be attained). The mean 264 number of species per trunk was 4.9 for decomposers, and 2.4 for Micarea lichens (Table 2) Micarea melaena (n = 45), Glonium nitidum (n = 33), Micarea prasina (n = 26), Micarea misella (n 268 = 25), and Pyrenomycete sp. 4 (n = 23) (see Table A .3 in Appendix A for a full species list). 269 
. Community composition of wood-inhabiting fungi 292
The community composition of decomposers was best explained by dead wood diversity (Table 4 ; 293 Fig. 3a ). In NMDS, communities in the sites with the lowest dead wood diversities were located 294 closer to each other in the center of the ordination space while communities in sites with higher 295 dead wood diversities were more scattered (Fig. 3a) . Years from death was the next fitted variable 296 but it did not increase the correlation between the community dissimilarities and environmental 297 distances (Table 4 ). Nevertheless, in NMDS communities on trunks with the least time since their 298 death had mainly negative values on both axes (Fig. 3b ). With increasing time since tree death, 299 communities tended to be located closer to the upper right corner of the ordination space (Fig. 3b ). 300
The final stress level for the two-dimensional NMDS solution in Fig. 3a and 3b was 0.175. 301
The Micarea lichen community composition was most efficiently explained by the combined 302 effect of years from death, site and dead wood diversity (Table 4 ; Fig. 3c and 3d) . In NMDS, time since tree death increased towards the upper right corner of the ordination space (Fig. 3d) , and dead 304 wood diversity increased towards the lower right corner of the ordination space ( Fig. 3c ). However, 305
as adding site increased the correlation between the community dissimilarities and environmental 306 distances, the effect of years from death and dead wood diversity is not independent of site. The 307 final stress level for the two-dimensional NMDS solution in Fig. 3c and 3d Fig. 3a and 3c , and the number of years from death in Fig. 3b and 3d In studies where all dead wood diversity (including also different tree species) has been 345 measured to reflect the stand continuity, and the species richness has been measured from all of the 346 material contributing to the dead wood diversity, it is very logical that clear positive correlations 347 occur between species richness and stand continuity (see for example Hottola et al., 2009; Penttilä 348 et al., 2004; Similä et al., 2006) . Thus, it is worth emphasizing that as we measured only the dead wood diversity of pine, and recorded the fungal species richness only from the selected standing 350 dead trees, such correlation might be more difficult to find. However, we argue that if such a 351 correlation would be found it would truly reflect the species dependence on stand continuity, not 352 just that more diverse substrate pool has more diverse species pool. 353 Species interactions might also play its part in the absence of a positive relationship between 354 species richness and stand continuity. Heilmann-Clausen and Christensen (2005) found that the 355 species richness of wood-inhabiting fungi on an individual tree was negatively affected by dead 356 wood continuity (estimated as the proportion of strongly decayed logs). They suggested competitive 357 exclusion to be one of the possible explanations: highly competitive specialists replace the early 358 successional, non-specialist species in sites with high dead wood continuity. Thus, the species 359 richness it not necessarily higher in the high continuity stands compared to stands with lower 360 continuity, but can show no trends or even be lower. 361
In addition, the sites were located in or in the vicinity of conservation areas and thus, at least 362 some natural forests were located in the proximity of sites. The variation in dead wood diversity and 363 management intensity might not have been sufficient to reveal all existing trends. Moreover, 364 management intensity of the sites was relatively low compared to the average managed forests in 365 the area. In a study by Penttilä et al. (2004) , dead wood diversity and management intensity induced 366 a clear trend in polypore community composition when they compared communities in managed 367 and old-growth forests. They recorded 400-500 stumps in managed stands, whereas the most 368 managed site in this study included only 112 cut stumps per hectare. 369
The fact that stand continuity did not have a strong effect on decomposers and Micarea 370 lichens gives indirect evidence that they are not dispersal limited at such fine spatial scales. In fact, 371 it has been suggested that pine inhabiting fungi would be less affected by forest management than 372 species specialized in e.g. spruce due to their better dispersal abilities (Stokland and Larsson, 2011) . in pine forests that experience forest fires and have lower input rates of dead wood than spruce 375 forests. Thus, the sites may support viable metacommunities of these pine-inhabiting species if 376 landscape level continuity is high. However, on rare specialist species, dispersal limitations might 377 occur already at small spatial scales (Norros et al., 2012) . 378 microhabitats, such as decorticated wood appear (Renvall, 1995) . The result also fits well with the 385 hypothesis of species time relationship (Rosenzweig, 1995) , especially because competitive 386 exclusion has been suggested to be rare in lichens (Lawrey, 1991; Uliczka and Angelstam, 1999) . have been stronger if more trunks at the end of the decomposition range could have been included 406 in the analyses. The trunks for which the year of death could not be determined due to the erosion 407 of the outermost tree rings were likely the oldest but had to be excluded from our analyses. 408
Tree age at death did not affect either of the studied fungal groups. This indicates that it might 409 be important only for few species if any. The opposite was hypothesized as, for example, the 410 community composition of dead wood might be affected by the longevity of infection history 411 during the tree lifespan (Heilmann-Clausen and Christensen, 2004). Similar to the tree age at death, 412 trunk diameter did not affect the communities of wood-inhabiting fungi. Several studies focusing on 413 downed dead wood have reported the opposite (e.g., Høiland and Bendiksen, 1997; Renvall, 1995) . The explicit relationship between local continuity and rare species remained unsolved. These 441 species might be more sensitive to local continuity than common species when taking into 442 consideration e.g. their highly specialized habitat use (Nordén et al., 2013). Therefore, rare and red-443 listed species should be at the center of future research on local continuity to be able to guide the 444 required conservation actions, and to maintain these species also locally. 
